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Abstract Balcova Geothermal Field hosts the largest geothermal district heating
system of Turkey and a number of shallow groundwater wells that are used for
irrigation of the agricultural activities. The present study aims to assess the influence
of geothermal fluid on groundwater by determining the hydrogeochemical properties of
the water resources. A sampling program was conducted for 10 months and samples
were collected from geothermal and groundwater wells including re-injected fluid.
Trace and major elements, and the types of waters were determined. The results of
groundwater analysis showed that the concentrations of some toxic species, such as
arsenic, boron, and fluoride, exceeded the limits of drinking water standards set by
TSE, EPA, and WHO.
Keywords Balcova, geothermal, geothermal district heating, geothermal fluid, ground-
water, heavy metals
Introduction
Geothermal development in the last 40–50 years has shown that it is not completely free
of adverse impacts on the environment. These impacts cause an increasing concern, and
to an extent may now be limiting developments. High alteration zones are observed in
most geothermal fields in the world. Highly mineralized trace elements, such as arsenic
(As); boron (B); cadmium (Cd); and lead (Pb), affect water; soil; and, consequently,
crops. Once heat has been extracted, geothermal fluid is either discharged into waterways
or evaporation ponds, or re-injected deep into the ground (Axtmann, 1975; Ellis, 1978;
Ármannsson and Kristmannsdóttir, 1992; Webster and Timperley, 1995; Hunt, 2001; Baba
and Ármannsson, 2006).
Fluids from high temperature reservoirs include a range of chemical species, namely,
sodium (Na); potassium (K); calcium (Ca); magnesium (Mg); strontium (Sr); antimony
(Sb); chloride (Cl); fluoride (F); iodide (I); silicate (Si); bicarbonate (HCO 
3
); and, of most
concern, several toxic chemicals, such as B; As; mercury (Hg); lithium (Li); rubidium
(Rb); hydrogen sulphide (H2S); and ammonia (NH
C
4
) (Hunt, 2001). However, low to
medium temperature geothermal fluids used in most direct-use applications generally
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contain low levels of chemicals and the discharge of spent geothermal fluids is seldom a
major problem. Most of the chemicals present as solute, will remain in solution and are
re-injected.
Geothermal fluids encountered in Turkey can be classified chemically as 95% encrust-
ing. In three of the 140 geothermal fields, which are Tuzla-Canakkale (65,000 mg/L),
Cesme-Izmir (35,000 mg/L), and Seferihisar-Izmir (22,200 mg/L), the total dissolved
solids (TDS) in the geothermal fluid exceed 5,000 ppm, which could cause serious envi-
ronmental problems (Gemici and Filiz, 2001, Baba and Ármannsson, 2006). Geothermal
wells and hot springs in Seferihisar are not presently used except for primitive spa
facilities but natural discharges have currently caused some environmental problems on
soil and water with its salinity and also high boron content (Baba et al., 2005).
Boron concentrations are generally high in geothermal fluids in Turkey, such
as Kursunlu-Cavundur-Cankiri (63.8 mg/L), Duzce-Derdin-Sakarya (50.6 mg/L),
Germencik-Aydin (69 mg/L), Kursunlu-Salihli-Manisa (65 mg/L), and Kizildere-Denizli
(>20 mg/L) (Vengosh et al., 2002; Gemici and Tarcan, 2002; Baba and Ármannsson,
2006; Gokcen et al., 2008). A fraction of effluents from the Kizildere Geothermal Power
Plant-Denizli is released into the Great Menderes River and endanger natural biota and
crops that are sensitive to boron. Boron contamination in the river is an example of
surface water contamination by geothermal fluids.
The other trace elements, namely, As, Hg, Cd, copper (Cu), cromium (Cr), Pb, and
zinc (Zn), were not a concern until the beginning of the 1990s in Turkey. However, with
the increasing awareness of environmental issues, these elements have also been taken
into account since then. Arsenic concentrations on western Turkey were encountered in a
range of 0.13–0.28 mg/L while Cd concentrations were 0.048–0.1 mg/L. Lead, Cu, and Zn
concentrations were determined as 0.076–1, 0.03–1.2, and 0.06–1.2 mg/L, respectively
(Gocmez and Guzel, 1994; Kacaroglu et al., 1994; Corsi, 1995; Giese, 1997; Gemici
and Filiz, 2001; Celik and Sabah, 2002; Dogdu and Bayarı, 2002; Tarcan and Gemici,
2003; Gokcen et al., 2008). Arsenic, Cd, and Pb concentrations exceeded the limits set
by Turkish Standards Institution (TS266, 2005), United States Environmental Protection
Agency (EPA, 2003), and World Health Organisation (WHO, 2006) for drinking water
while Cu and Zn were below the limits.
Geological (Konuk, 1977; Erdog˘an, 1990; Ongur, 2001), tectonic (Kaya, 1999;
Yilmaz et al., 2000), hydrogeological (Yilmazer, 1989; Serpen, 2004; Aksoy et al.,
2008), and reservoir properties (Serpen and Mihcakan, 1999; Serpen and Kayan, 2001;
Satman et al., 2002) of Balcova Geothermal Field, Izmir-Turkey were studied widely,
but very few studies have been conducted about the environmental properties of the
field (Cakın, 2003; Aksoy et al., 2009). Since the surroundings of the field are a fertile
agricultural area, groundwater is used densely for irrigation. This study aims to determine
the hydrogeochemical properties of water resources of Balcova Geothermal Field and to
evaluate effects of geothermal fluid on groundwater.
Study Area
Balçova Geothermal Field (BGF) or so-called Agamemnon Spas have been an attractive
place for settlers over the ages. Agamemnon Spas were known in antiquity for the
therapeutic qualities of the water. At the present time, Balcova is still famous for its
spa complex (1.4 MWt) (1989), olympic indoor swimming pool (1.9 MWt) (1987), and
thermal hotels. BGF is located at 7 km west of Izmir province and covers a total area of
approximately 3.5 km2 (Figure 1a).
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Figure 1. (a) Location map. (b) Geological map (modified after Yilmaz et al., 2000). (c) Sampling
points of study area.
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The reconnaissance and exploration studies were initiated in the field in 1963 and
Turkey’s first downhole heat exchanger was applied in 1982. Then Balcova Geothermal
District Heating System was commissioned in 1996. As of April 2009, the field houses
the largest geothermal district heating system of Turkey (75 MWt), a modern spa complex
with a total capacity of 1,000 persons/day, and approximately 10 ha greenhouse heating
with 15 production and 2 re-injection wells. Besides geothermal production and re-
injection wells, the field contains numerous groundwater wells that are used for irrigation
of the agricultural fields and greenhouses.
Geological and Hydrogeological Properties of Balcova
Geothermal Field
The flysch-type metasediments, named the Bornova melange by Erdog˘an (1990), of
Campanian to Danian in age (Konuk, 1977; Ozer and Irtem, 1982) crop out around
the study area (Figure 1b). These metasediments are subdivided into a sequence of
weakly deformed brown and grey phyllites, and a pack of highly deformed dark sericitic
meta-pelites. These two subunits comprise turbidities, characterized by repeated graded
bedding in the centimeters scale. Gradual transitions from clastic to calcareous shales
occur in either group, though more frequently in the phyllites. The carbonate content
was locally high enough to form incompetent calcareous shales and locally competent
lenses of massive limestones. Intercalations of greywackes and polygenetic debris flows
conglomerates indicate continued unsteady conditions of sedimentation, as do the sizeable
but rootless olistoliths of up to 50 m thick, platform-type massive limestones (Baba and
Gungor, 2002). Campanian- to Danian-aged rock sequences that overlie the basement
units and are unconformably overlain by Quaternary alluvium, which is most probably
derived from sheetwash deposits, fan deposits, and coastal wind blown sediments, have
been observed along the flat terrain that extends between the foothills of the mountains
and the shoreline. It is mostly fine-grained (silt and sand) and covers the major agricultural
fields of the study area.
The Balcova geothermal system is a fracture zone system in which hot water ascends
over an area of about 2 km along a major fracture zone associated with the Agamemnon
Fault (Serpen, 2004). In the field, geothermal processes are extremely vigorous and hot
waters close to boiling temperature can be observed at the surface (Magri et al., 2009).
The hot water discharges via two concealed horizontal flows, one in the unconfined
alluvium aquifer, which is extremely permeable and transmits significant amounts of
water, and another deeper one in more permeable, unclear layers in the flysch formation
between 400 and 700 m depth (Serpen, 2004). The thickness of the unconfined aquifer
ranges from 50 to 150 m. The cold water of this aquifer is pumped via wells that are
about 30 m deep. The groundwater table in the shallow surficial aquifer is between 5
and 20 m from the ground surface (Aksoy et al., 2009).
Materials and Method
A sampling programwas designed to collect geothermal and groundwater samples monthly
between September 2002 and June 2003 for 10 months. In respect to the sampling
program, two production wells (BD4 and B10), the re-injection line (R) downstream of
the main heat exchanger exit, and two groundwater wells (T and I) were selected. The
location of the sampling points is shown in Figure 1c. The B10 well was chosen as a
representative production well since it is operated all year round. Furthermore, the B10
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well has a high Mg content, which is a property of surface water, and shows a possible
mixing of geothermal fluid with groundwater. The BD4 well, which was the highest
temperature well in the field, was operated only during the heating season. The re-
injection line (R) serves to the re-injection wells and it represents the waste fluid rejected
to the underground where possible mixing with groundwater occurs. Groundwater wells
T and I were chosen because of their location on south and north ends of the field.
Furthermore, well I is used for irrigation.
The samples were collected as two sets from each sampling point, one for de-
termination of anions and another for cations, and stored in pre-cleaned polyethylene
bottles for laboratory analysis, whereas temperature and pH were determined in-situ.
Following sample collection, electrical conductivity (EC) was measured and chemical
analyses were performed as quickly as possible in the laboratory. If immediate analysis
was not possible, samples were stored at 4ıC in a dark room. The remaining major
chemical constituents were determined using standard methods described in AWWA
(1995). Bicarbonate (HCO 
3
) and chloride (Cl ) ions were determined with neutralization
and precipitation titrations, respectively. A gravimetric method was applied in the deter-
mination of sulphate (SO2 
4
) and total dissolved solid (TDS). Fluoride ion was determined
with an ion-selective electrode. Major cations (K, Na, Ca, Mg) and Cu, Cr, Cd, Pb, Zn,
B, and Si were determined by inductively coupled plasma atomic emission spectrometry
at the laboratories of the Chemistry Department and Center for Environmental Research
at Izmir Institute of Technology, Izmir-Turkey.
Results and Discussion
Physical Properties of Water Resources
During the sampling period, minimum and maximum surface temperatures of ground-
water were measured as 14ıC at well T and 41ıC at well I, respectively. The high
surface temperature of groundwater well I points out the geothermal fluid interaction.
The wellhead temperature of geothermal wells BD4 and B10 changed between 95–138ıC
and 80–98ıC, respectively. Sample pH, EC, and TDS values were plotted in Figure 2.
As can be seen from Figure 2, EC values of groundwater well I reflect the geothermal
fluid characteristic and are approximately three times higher than groundwater well T.
All pH and EC values of the samples were within the limits of TS266, EPA, and WHO
standards. TDS values of geothermal wells can range from a few hundred to more than
300,000 mg/L. The concentration of TDS in the selected sampling points exceeded the
limits of standards except well T.
Chemical Properties of Water Resources
Major Anions and Cations. Major anions (HCO 
3
, SO2 
4
, Cl , F ) and cations (Ca2C,
Mg2C, KC, NaC, NHC
4
) in the samples were determined. Bicarbonate concentrations of
the samples changed gradually in all samples depending on the precipitation. During the
alkalinity analysis, the color of the geothermal fluid samples did not change with the ad-
dition of the phenolphthalein, which showed the absence of carbonate. On the other hand,
HCO 
3
alkalinity existed in each sample. Ammonia concentrations of all wells including
well T changed considerably during the sampling period, which can be explained by the
recharge of cold groundwater to geothermal fluid (Figure 3a). Except for a few samples,
all wells had NHC
4
concentrations above the permissible limits according to drinkingwater
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(a)
(b)
(c)
Figure 2. Distribution of physical properties of water resources in Balcova Geothermal Field:
(a) pH, (b) EC, and (c) TDS. (color figure available online)
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(a)
(b)
(c)
Figure 3. Concentration of major cations and anions of water resources in Balcova Geothermal
Field: (a) NH4, (b) F , and (c) K. (color figure available online)
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standards. Well T had NHC
4
concentrations under the permissible limits only in summer
time. According to TS266 and WHO, the permissible limit for F  is 1.5 mg/L. Ground-
water wells I and T differ strongly in terms of F  concentration. While well T was under
the limits of TS266, EPA, and WHO standards, well I exceeded the limits throughout the
sampling period, which indicates the geothermal influence (Figure 3b). The concentration
of K should not exceed 12 mg/L according to TS266. At well T, its concentrations were
under the permissible limits while other samples exceeded the limits (Figure 3c).
Geothermal wells in the field are operated in full capacity during the winter season
but only one or two wells are active in the summer for domestic hot water supply. An
increase in the Cl  concentration in well I was obvious in winter time, which shows
the sign of geothermal fluid interaction compared to well T. Calcium concentrations in
the geothermal fluids are controlled by minerals [calcium carbonate (CaCO3), calcium
sulfate (CaSO4), etc.]. The permissible limit for Mg is 50 mg/L and Mg concentrations
in all wells were within the limits. The concentrations were constant in B10 and R.
Magnesium is a sign of surface waters. Well T has the highest Mg concentration while
well I gave a concentration closer to geothermal fluid. The land SO2 
4
, Ca, Cl , and Mg
concentrations of all samples Na concentrations of only well T and I were under the
permissible limits according to drinking water standards.
Heavy Metals
Studies conducted in western Turkey have shown that As and B concentrations in
geothermal fluids are extremely high and this was the condition in Balcova Geothermal
Field as well. These two toxic species originated from the result of water-rock interaction
and explains the higher concentrations in geothermal fluids than groundwater. These
relatively high concentrations affect groundwater and, consequently, agricultural products
by irrigation. The concentration of As in geothermal and groundwater samples exceeded
TS266, EPA, and WHO standards during the sampling period (Figure 4a). Geothermal
fluids have higher B concentrations than groundwater. While groundwater well T was
around the upper limits of TS266, well I showed much higher B concentrations close to
geothermal wells (Figure 4b), which indicates geothermal fluid interaction. Manganese
(Mn) concentrations were almost constant at all wells except well I, where a decrease
in winter months was observed. Well I exceeded the limits of drinking water standards
(Figure 4c). While Al concentrations of groundwater wells exceeded the limits of the
standards as shown in Figure 4d, Cr concentrations (Figure 4e) were above the permissible
limits of TS266 and the WHO.
Hydrogeochemical Properties of Water Resources
Chemical characteristics of water compositions, on the basis of major ion concentrations,
were evaluated on the Piper and Schoeller diagram (Figures 5a–5k). When the concen-
trations of the elements are evaluated, generally it can readily be seen that three types
of water exist in BGF. The first type of water is relatively rich in Na-Cl-HCO3 (sodium-
chloride-bicarbonate type), which can be seen in production wells and reinjection lines
(geothermal water-BD4-B10-R). The second type is relatively rich in Na-HCO3 (sodium-
bicarbonate type), which can be seen in groundwater well I. Finally, the third type of water
is relatively rich in Ca-Mg-HCO3 (calcium-magnesium-bicarbonate type), which can be
seen in groundwater well T. Hydrogeochemical diagrams also show that well I have been
affected by geothermal fluid. The composition of groundwater is normally Ca-Mg-HCO3
in this region, while the hydrogeochemical properties of well I is Na-HCO3.
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(a)
(b)
(c)
Figure 4. Concentration of heavy metals in water resources in Balcova Geothermal Field: (a) As
and (b) B. (color figure available online) (continued)
Geothermal Fields 741
(d)
(e)
Figure 4. (Continued).
Conclusions
Geothermal fluids generally carry a variety of toxic chemicals, such as As, Pb, Zn, and B,
together with significant amounts of carbonates, Si, SO2 
4
, and Cl . Discharge of waste
waters is also a potential source of chemical pollution. Spent geothermal fluids with high
concentrations of chemicals should be treated or re-injected into the reservoir, or both. The
results of this study show that the shallow aquifer has been affected by geothermal fluid.
For example, the concentration of some ions, such as fluoride and chloride, and some
heavy metals and metalloids, such as arsenic and boron, are very high in cold groundwater,
which is abstracted at the shallow groundwater aquifer. This aquifer has been used for
agriculture activity densely. It is important to minimize the effect of geothermal fluid
to shallow aquifers. Therefore, re-injection of thermal waters to the reservoir is the best
way to dispose of the geothermal waste water and prevent contamination problems. On
the contrary, groundwater may be contaminated if the reinjection wells fail, which may
742 A. Cakın et al.
Figure 5. Piper and Schoeller diagram showing the major ionic composition of the sampled
geothermal water (BD4, B10), the reinjection water (R), and groundwater (I and T). (color figure
available online) (continued)
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Figure 5. (Continued).
allow the fluid to pass into shallow aquifers. However, this can be eliminated by careful
design, attention to quality control during drilling and construction, and monitoring during
operation. Since the shallow wells in the field exhibit geothermal characteristics, drilling
of the cold water wells without permission should be prevented. The results of the analysis
show that all geothermal waters in the investigated area were found to be inappropriate for
drinking purposes according to the standards. Furthermore, geothermal fluid is unsuitable
to be used for irrigation because of high boron concentrations. Since the geothermal fluid
is not suitable for drinking and irrigation purposes, the adverse effects should be declared
to the public.
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